Preconceptual sex selection is still a highly debatable process whereby X-and Y-chromosome-bearing spermatozoa are isolated prior to fertilization of the oocyte. Although various separation techniques are available, none can guarantee 100% accuracy. The aim of this study was to separate X-and Y-chromosome-bearing spermatozoa using methods based on the viability difference between the X-and Y-chromosome-bearing spermatozoa. A total of 18 experimental semen samples were used, written consent was obtained from all donors and results were analysed in a blinded fashion. Spermatozoa were exposed to different pH values (5.5, 6.5, 7.5, 8.5, and 9.5), increased temperatures (37 . This study demonstrated the potential role for exploring the physiological differences between Xand Y-chromosome-bearing spermatozoa in the development of preconceptual gender selection.
INTRODUCTION
The potential capacity to choose the sex of a child has intrigued many generations of parents. Sex selection can be accomplished by either applying advanced assisted reproduction techniques (ARTs), conducing preimplantation genetic diagnosis (PGD), or using cell sorting prior to fertilization. In addition, it can also be achieved through natural conception, although this option is not well-established yet and therefore, remains quite speculative. However, influencing the timing of fertilization with regard to ovulation is one of the natural methods believed to be effective, while PGD is very costly, highly invasive, and involves associated risks, as well as ethical issues (1) . Sex selection through timely intercourse is based on the respective characteristics of the X-and Y-chromosome-bearing spermatozoa, favoring one or the other toward reaching and fertilizing the egg (2) .
The ethicality of sex selection remains an unsettled and controversial topic; some countries allow gender selection for medical purposes, while others prohibit any form of sex selection (3, 4) . Nonetheless, it is documented that many families, regardless of their culture or religion, prefer to practice gender selection to balance the family gender distribution (5) . Circumventing the ethical issues implies that gender selection must be practiced prior to fertilization. Successful separation of X-and Y-chromosome-bearing spermatozoa could have great potential, as it could drastically lower the abortion, infanticide, and abandonment statistics of many countries; hence, there is a need for the development of ethical, cost effective, and successful methods toward sex selection. To achieve this goal, it is believed that combining sperm selection with Shettle's or Whelan's methods for the timing of fertilization with regard to ovulation would result in highly increased chances of successful preconceptual sex selection (6) .
Many differences exist between X-and Y-chromosomebearing spermatozoa, including DNA content, size and density, motility, and surface protein properties (7) (8) (9) . X-chromosome-bearing spermatozoa have been shown to contain 2.9% more DNA than Y-chromosome ones (10) . Studies have also shown that Y-chromosome-bearing spermatozoa swim faster and more progressively than the X-chromosome ones (6) . Y-chromosome-bearing spermatozoa have been shown to have a shorter lifespan, and cannot withstand exposure to acidic environments or oxidative stress for a very long period of time (8) . They are also generally considered to be the most fragile among both types of spermatozoa. Cui and Matthews concluded that the length, perimeter, and area of the spermatozoa's heads, as well as the lengths of the neck region and tail were significantly larger and longer in X-chromosome-bearing spermatozoa than in Y-chromosome ones. Their study demonstrated that X-chromosome-bearing spermatozoa are statistically larger than Y-chromosome ones (11) .
It has been previously reported that many sperm separation methods have inconsistent results, and for this reason, none of these techniques have gained true acceptance within the scientific community (12) . Therefore, there is still a need for the development of clinically significant and recognized techniques toward a successful natural strategy for sorting X-and Y-chromosome-bearing spermatozoa. In this regard, toxicity tests have been proven useful in reproduction (13) and more specifically, spermatozoa, which are specialized cells, have been reported to be highly sensitive to environmental factors such as temperature and redox state (14, 15) . Although various studies have reported several morphological and functional differences between Xand Y-chromosome-bearing spermatozoa, none of them have proven that these differences are significant enough to allow for the natural separation of spermatozoa into two populations based on these differences. Therefore, the aim of this study was to separate X-and Y-chromosome-bearing spermatozoa through methods based on their resilience toward exposure to wide ranges of pH, temperature, and H 2 O 2 concentration.
MATERIALS AND METHODS
Semen sampling. A total of 18 semen samples were obtained from healthy volunteers (19~26 years old) taking part in the Stellenbosch University reproductive research group (SURRG) donor program. All the donors were informed that their spermatozoa would be used exclusively for research purposes and discarded in an appropriate fashion, after which they gave their consent. Ethical clearance for this study was granted by the Health Research Ethics Committee 1 (Ethics #: S13/04/068). Semen was collected from healthy donors according to the World Health Organization (WHO) guidelines (16) . In each instance, the semen was allowed to undergo liquefaction (30 min; 37 o C, 95% humidity; 5% CO 2 ). The exclusion criteria used in this study were history of smoking and/or illicit drug use, exposure to any occupational or environmental toxicants, and use of medication. All semen samples included in the study had to conform to normality according to the WHO standards. Samples that did not comply were excluded from the study.
Sperm preparation.
A 3% HAMS-BSA solution was prepared by adding 0.3 g of bovine serum albumin (BSA) (Sigma-Aldrich, South Africa) to 10 mL of HAMS-F10 (Sigma-Aldrich). Two hundred microliters of semen were used for sex-chromosome ratio determination, the remaining semen was transferred to a conical tube, and 2 mL of HAMS-BSA solution was added. The concentrations, motility parameters, and viability percentages of the spermatozoa were determined after the preparation step, and used to indicate sperm parameters at time 0.
Fluorescent in situ hybridization (FISH).
The ratio of X-to Y-chromosome-bearing spermatozoa was determined with 2 color-fluorescent in situ hybridization. This process was performed on the neat sample to establish the natural unchanged sperm sex-chromosome ratio (i.e. before exposure), and on the various samples obtained after exposure to the different environments. The FISH protocol was used as specified by the manufacturer's instructions (Aczon, Nano Bio Tech, Italy). Briefly, DNA was decondensed and denatured into single strands and slides prepared. The singlestranded DNA was probed with short fluorescence-tagged oligonucleotides that were complementary to regions specific to either the X or Y chromosomes. The slides were then incubated in the dye overnight, mounted, and subsequently viewed under a fluorescent microscope. Manual assessment was performed and at least 200 cells were counted.
Incubation at varying pH. Phosphate buffer saline (PBS) (Gibco, Scotland, UK) was used as the incubation medium and pH was adjusted to the targeted values of 5.5, 6.5, 7.5, 8.5, and 9.5 with 1 M NaCl or 1 M HCl. Fresh solutions were prepared prior to each experiment. After processing, the pellet was re-suspended in 1.2 mL of HAMS-BSA solution. A 200-μL volume of the prepared spermatozoa was then added into each pH solution. After ensuring that the pH remained stable, sample tubes were incubated for 15 min (37 o C, 95% humidity; 5% CO 2 ). Two hundred microliters of sample were used to establish the sperm concentration, motility parameters, and percentage viability at time 0. After incubation, samples were re-assessed for motility and viability parameters. Live cell fractions were isolated by modi- Incubation at varying concentrations of hydrogen peroxide. H 2 O 2 (Sigma-Aldrich, 30% (w/w) in H 2 O) was diluted with PBS to yield final concentrations of 2,000 μM, 1,500 μM, or 100 μM. Fresh solutions were prepared daily in order to maintain the integrity of the incubation medium. After processing, the spermatozoa pellet was re-suspended in 1.2 mL HAMS-BSA. A 250-μL volume of the prepared spermatozoa was added to 250 μL of each of the H 2 O 2 solutions, to give final stimulation concentrations of 1,000 μM, 750 μM, or 50 μM. A control solution consisting of 250 μL spermatozoa mixed with 250 μL PBS was also included. The remaining 200 μL was used to establish the baseline concentration of the spermatozoa. The solutions were placed in the incubator (37 o C, 95% humidity; 5% CO 2 ) for 25 min, after which live cell fractions were isolated by modified swim-up protocols. These fractions were then stored in liquid nitrogen until the FISH procedure could be performed to determine sex-chromosome ratios.
Semen Analysis.
• Motility: The sperm concentration and motility in each sample were measured prior to the experiment in order to establish normality and baseline values of the sample, and thereafter at various time points throughout each experiment. Sperm concentration and motility were assessed by means of Computer Aided Sperm Analysis (CASA), using the Sperm Class Analyzer (SCA) (Microptics, Barcelona, Spain). Several motility parameters were assessed, including total motility (%) and progressive motility (%). Velocity parameters that were measured included curvilinear velocity (VCL) (μm/s), straight line velocity (VSL) (μm/s), average path velocity (VAP) (μm/s), linearity (LIN) (%), and straightness (STR) (%).
• Modified Swim-up protocol: After the incubation period, the spermatozoa solutions were transferred into a new conical tube. HAMS-BSA (1 mL) was layered carefully on top of the sample, preventing mixing of the solutions. The tube was placed in the incubator at a 45 o angle for 25 min, after which the top 500 μL was carefully removed and the rest discarded. Motility, viability, and sexchromosome ratios were then assessed.
• Sub-zero storage: After swim-up processing, all samples were frozen in PBS without cryomedium in liquid nitrogen (−196 o C) and stored. Once all the samples had been collected, they were thawed at room temperature (20 min), appropriately pooled, and sex-chromosome determination was performed via FISH.
• Statistical analysis: Data were presented as mean ± standard error of the mean (SEM) and were analyzed using one-way analysis of variance (ANOVA). Differences displaying p < 0.05 were considered statistically significant. FISH data are presented in terms of ratio increase or decrease in absolute percentage difference.
RESULTS

Effect of pH on spermatozoa.
• Sex-chromosome ratio: The effect of pH on the sexchromosome ratios of the samples, expressed as the absolute changes in the incidence of sex-chromosomes compared to the original values, is shown in Fig. 1 . After the 15-min incubation period, there was no change in the X:Y sex-chromosome ratio measured in the neat sample at neutral pH (7.5) (55% : 45%). When compared to the sex-chromosome ratio measured in the neat sample, a very acidic pH (5.5) led to a considerable enrichment in X-chromosome-bearing spermatozoa, increasing from 55 to 62%, (12.7% increase). However, the number of Y-chromosomebearing spermatozoa was enhanced in all the remaining samples compared to the neat semen sample, showing percentage increases of 8.9% (45% vs. 49%), 4.4% (45% vs. 47%), and 8.9% (45% vs. 49%) at pH 6.5, 8.5, and 9.5, respectively, as shown in Fig. 1 and Table 1 .
• Sperm motility: Fig. 2A and 2B illustrate the effect of incubation at various pH on the percentage of total and progressively motile spermatozoa in the samples, respectively. The lowest total and progressive motilities were observed at pH 5.5, while increases in total and progressive motilities were observed at pH 9.5.
• Sperm velocity parameters: The effect of pH on the velocity parameters (VCL, VSL, LIN, and STR) of the sper- Fig. 1 . Effect of pH on the sex-chromosome ratios in spermatozoa. matozoa followed the same trend as the total and progressive motilities, indicating that the velocities reach their higher levels at pH 8.5, while decreasing when the pH becomes either more acidic or more alkaline, as shown in Fig. 2C-2F .
The VCL reached its maximum at 7.5 and remained relatively constant across all pH tested. The VSL data indicated a peak at pH 8.5, thereby contrasting with all the other parameters monitored in this study. There was a statistically significant difference in VSL between pH 8.5 and 5.5 (22.58 ± 3.066 μm/s vs. 16.25 ± 3.066 μm/s, p = 0.039) as well as between pH 8.5 and 6.5 (22.58 ± 3.066 μm/s vs. 16.17 ± 3.066 μm/s, p = 0.037).
When considering the linearity of movement of the spermatozoa, a peak was observed at pH 8.5. According to these results, there were statistically significant differences in the LIN values obtained from spermatozoa placed either at pH 8.5 or 5.5 (41.02 ± 2.264% vs. 34.90 ± 2.264%, p = 0.002), between pH 8.5 and 6.5 (41.02 ± 2.264% vs. 35.36 ± 2.264%, p = 0.004), as well as between pH 8.5 and 9.5 (41.02 ± 2.264% vs. 36.47 ± 2.264%, p = 0.017). Furthermore, although not statistically significant, there was a difference in the LIN observed between pH 8.5 and 7.5 (41.02 ± 2.264% vs. 37.77 ± 2.264%, p = 0.083).
The STR data followed a trend that was very similar to that observed for the LIN values. The data indicated that the greatest STR values were reached at pH 8.5, with statistically significant differences observed between pH 8.5 and 5.5 (66.89 ± 2.759% vs. 59.25 ± 2.759%, p = 0.001) and between pH 8.5 and 6.5 (66.89 ± 2.759% vs. 60.54 ± 2.759%, p = 0.006). Decreases in STR were also noted between pH 8.5 and 7.5 (66.89 ± 2.759% vs. 63.53 ± 2.759%, p = 0.132) and between pH 8.5 and 9.5 (66.89 ± 2.759% vs. 62.52 ± 2.759%, p = 0.052).
Effect of temperature on spermatozoa.
• Sex-chromosome ratio: The effects of increased temperatures on the sex-chromosome ratios of the spermatozoa are summarized in Table 1 and illustrated in Fig. 3 . After 25 min of incubation, at a standard temperature of 37 o C, there was no change in the sex-chromosome ratio of the sample (X 52 : 52, Y 48 : 48). At 41 o C, there was an absolute increase of 7% in the incidence of X-chromosomebearing spermatozoa compared to that in the sample prior to processing (52% vs. 59%), indicating a 13.46% increase, and at 45 o C, the incidence of X-chromosome-bearing spermatozoa increased by 2% compared to that in the neat semen sample (52% vs. 54%), representing a 3.84% increase.
• Sperm motility: Fig. 4A and 4B represent the effect of temperature on the motility of the spermatozoa. The data indicated a statistically significant decrease in the percentage of motile cells between 37 and 45 o C (74.55 ± 3.883% vs. 55.53 ± 3.883%, p = 0.013). The difference in total motility between 41 and 45 o C (72.28 ± 3.883% vs. 55.53 ± 3.883%, p = 0.022) was also statistically significant, as shown in Fig. 4A .
Progressive motility (Fig. 4B ) followed the same trend as total motility, and declined significantly between 37 and 45 o C (35.25 ± 2.719% vs. 11.73 ± 2.719%, p = 0.001) as well as between 41 and 45 o C (39.73 ± 2.719% vs. 11.73 ± 2.719%, p = 0.0003).
• Sperm velocity parameters: The data obtained for the velocity parameters after incubating at different temperatures all followed the same trend, as illustrated in Fig. 4C 
Effect of H 2 O 2 on spermatozoa.
• Sex-chromosome ratio: Upon exposure to H 2 O 2 at 50 μΜ, there was no change in the sex-chromosome ratios compared to that in the unprocessed semen samples, as shown in Fig. 5 . At a concentration of 750 μM, an absolute increase of 3% was observed in the incidence of X-chromosome-bearing spermatozoa (54% vs. 57%), translating into a percentage increase of 5.5%. Exposure of the spermatozoa to 1,000 μM H 2 O 2 still generated enriched X-chromosome-bearing spermatozoa samples, but to a lower extent, with an absolute increase of 2% compared to the neat semen (54% vs. 56%), which translates into a percentage increase of 3.7%.
• Sperm motility: The effect of H 2 O 2 on motility parameters of the spermatozoa are shown in Fig. 6 . Both total (Fig. 6A ) and progressive motilities (Fig. 6B ) declined significantly between exposures to 50 and 750 μM (total motility, 79.15 ± 9.047% vs. 55.65 ± 9.047%, p = 0.016; progressive motility, 53.63 ± 7.697% vs. 22.23 ± 7.697%, p = 0.021) and to 50 and 1,000 μM (total motility, 79.15 ± 9.047% vs. 59.63 ± 9.047%, p = 0.033; progressive motility, 53.63 ± 7.697% vs. 16.63 ± 7.697%, p = 0.011). There were no significant differences in any of the motility parameters between exposures to either 750 or 1,000 μM.
• Sperm velocity parameters: Exposure of spermatozoa to H 2 O 2 also compromised the velocity parameters of the cells (Fig. 6C-6F) . The same trend could be observed throughout all the data: velocity decreased steadily and significantly when going from an exposure to a low H 2 O 2 concentration of 50 μM toward higher concentrations of 750 μM and 1,000 μM.
The VCL data indicated significant decreases going from a 50 to a 750 μM H 2 O 2 exposure (52.75 ± 4.427 μm/s vs. 35.23 μm/s, p = 0.031), as well as from 50 to 1,000 μM (52.75 ± 4.427 μm/s vs. 25.05 μm/s, p = 0.004), as shown in Fig. 6C .
VSL was affected similarly, with a significant decrease upon incubation in either 50 or 750 μM 
DISCUSSION
Current methods employed to perform sperm separation are based on the hypothetical existence of fundamental and physiological differences between X-and Y-chromosomebearing spermatozoa, as well as on the assumption that these differences are significant enough to enable separation. In the present study, the exposure of sperm samples to various pH and temperature ranges, as well as H 2 O 2 concentrations, allowed for enrichment of the viable sperm population with X-chromosome-bearing cells. It was found that at an acidic pH (5.5), more X-chromosome-bearing spermatozoa were able to thrive, while more physiological and alkaline pH were more favorable for the survival of Y-chromosome-bearing spermatozoa. This may indicate that the larger size of the X-chromosome-bearing spermatozoa, compared to that of the Y-chromosome-bearing spermatozoa, may allow for an increased cytoplasmic volume (8) , which in turn could lead to higher levels of intracellular proteins and phosphates that are able to act as intracellular buffering components, ultimately enabling the X-spermatozoa to survive in acidic pH environments. However, the increases in Y-chromosome-bearing spermatozoa at pH 8.5 and 9.5 indicate the existence of optimal pH ranges for the isolation of Y-spermatozoa. Interestingly, all the neat samples had higher ratios of X-to with Y-chromosome-bearing cells. This may be due to the fact that X-chromosome-bearing cells are more abundant and viable within the epididymis due to their robust nature.
The motility data obtained on X-and Y-chromosome-bearing spermatozoa enriched samples suggest that the samples with higher counts of Y-chromosome-bearing spermatozoa (at pH 8.5 and 9.5) present increased percentages of total and progressively motile spermatozoa. The results gathered for the velocity parameters indicate that a pH of 8.5 yields the fastest swimming post-processed spermatozoa in terms of VSL, LIN, and STR. This suggests that upon deposition into the vaginal regions after ejaculation, where pH often reaches levels below 4, Y-chromosome-bearing spermatozoa might not be able to remain viable for long enough to reach the cervical os. The decrease in pH is usually due to the estrogen surge occurring just prior to ovulation, previously described in the female reproductive tract (17) , which favors the survival of X-chromosome-bearing spermatozoa. This is in accordance with Shettle's method of sex preselection, which states that in order to conceive a girl, intercourse should take place 2-3 days prior to ovulation (6) .
This study also showed that the linear progression was significantly higher at pH 8.5, at which Y-chromosomebearing spermatozoa were more numerous, thereby suggesting that after ovulation, as the pH in the female reproductive tract rises, Y-chromosome-bearing spermatozoa will be able to survive better. This increased motility indicates that Y-chromosome-bearing spermatozoa will reach and fertilize the oocyte earlier if intercourse occurs a day after ovulation. Higher numbers of X-chromosome-bearing spermatozoa were observed upon exposure to increased temperatures in this study. The control temperature of 37 o C had no influence on sex-chromosome ratios, but when the temperature was elevated to 41 o C, there was a considerable increase in the incidence of X-chromosome-bearing spermatozoa in the sample. This increase can be attributed to the Y-chromosome-bearing spermatozoa not being able to withstand this rise in temperature due to their fragile nature. At 45 o C, the X-chromosome-bearing spermatozoa were still more numerous than the Y-Chromosome ones, although the difference was not as marked as when incubated at 41 o C. Accordingly, the percentages of total and progressively motile cells decreased significantly at 45 o C. At 41 o C, the motility of the spermatozoa improved, especially the velocity parameters, probably due to the spermatozoa starting to become hyperactivated at this temperature.
The effect of H 2 O 2 on the sex-chromosome ratio followed the same trend as the one observed during the temperature incubation experiments, with X-chromosome-bearing spermatozoa numbers increasing in both the moderate (750 μM) and high (1,000 μM) H 2 O 2 fractions. There were no changes in sex-chromosome ratio or viability of the spermatozoa after incubation with 50 μM of H 2 O 2 . The ability of the Xchromosome-bearing spermatozoa to survive from exposures to 750 μM and 1,000 μM of H 2 O 2 , suggests that these cells may have more sophisticated intracellular protection mechanisms against hostile environments, since their chromatin content is about 3% denser. It is hypothesized that an increased intracellular storage of antioxidants may take place, or that the membranes of the X-chromosome-bearing spermatozoa might be more resistant to the external environment, which could be resulting from differences in surface charges and/or surface protein properties between the X-and Y-chromosome-bearing spermatozoa. Motility results (total, progressive, and velocity parameters) show a significant decrease in the measured parameters when exposed to 750 μM and 1,000 μM, and the decrease in Ychromosome-bearing spermatozoa within the samples is possibly due to an overall increase in intracellular ROS level. However, incubation with 50 μM H 2 O 2 showed beneficial effects on the motility parameters of the spermatozoa, especially in terms of velocity-related parameters. The overlapping observations made after exposures to either 750 μM or 1,000 μM H 2 O 2 concentrations indicated similar deleterious effects produced by these elevated concentrations on the motility of the spermatozoa. The results of this study indicate that the differences in viability between X-and Ychromosome-bearing spermatozoa after exposure to differ-plSSN: 1976-8257 eISSN: 2234-2753 ent environmental conditions represent a real potential toward improving the chances of selecting a preferred gender during conception.
This study confirmed once again the existence of differences in viability between X-and Y-chromosome-bearing spermatozoa, indicating optimal enrichment of X-chromosome-bearing spermatozoa through incubation in acidic media or at increased temperatures, which could represent an interest in the field of ART. The potential to increase the ratio of X-chromosome-bearing spermatozoa even further by combining these methods requires further investigation.
